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Abstract
We study a model with U(1) gauged lepton number symmetry in which the active neutrino masses
are generated at two-loop level through the spontaneous breaking of the lepton number symmetry.
To cancel gauge anomalies some exotic leptons are introduced that also play an important role in
generating neutrino masses and the lightest neutral one can be a dark matter candidate. We discuss
a phenomenology of the neutral fermion sector including dark matter, lepton flavor violations, and
an extra neutral gauge boson Z ′ that can be tested by e+e− collision at the International Linear
Collider (ILC).
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I. INTRODUCTION
The lepton number is conserved as a global symmetry in the framework of the standard
model (SM) accidentally, which motivates us to promote its symmetry to the new gauge
symmetry. A gauged U(1) lepton symmetry extended model has been done by the group
in ref. [1], in which they mainly discuss the electroweak phase transition. Also a gauged
SU(2) lepton symmetry extended model has been done by the group in ref. [2], in which
an asymmetric dark matter (DM) is mainly discussed. In these models, some exotic leptons
are introduced to cancel gauge anomalies associated with gauged lepton number symmetry.
Even when active neutrino mass are radiatively induced, the lepton number is always
violated in case of Majorana fermions. Thus the active neutrino masses can be connected to
spontaneous breaking of lepton number symmetry when it is gauged. It is therefore inter-
esting to construct a radiative neutrino mass model with gauged lepton number symmetry
and to discuss resulting phenomenology.
In this paper, we construct a lepton model with a gauged U(1) lepton number symmetry,
introducing exotic leptons in order to cancel the anomalies out among lepton sectors. Then
the active neutrino masses are induced at two-loop level where the exotic leptons play a role
in propagating inside a loop diagram. 1 Such extra fermions are also assumed to be odd
under Z2 symmetry and the lightest neutral component can be a good DM candidate. We
discuss the neutrino mass, lepton flavor violation (LFV), muon g − 2, relic density of dark
matter, and collider physics associated with Z ′ boson.
This paper is organized as follows. In Sec. II, we show our model, and formulate the
neutral fermion sector including active neutrinos, (vector-gauge) boson sector, lepton sector,
dark matter sector, and discuss collider physics through Z ′ boson at ILC . Finally We
conclude and discuss in Sec. III.
II. MODEL SETUP AND PHENOMENOLOGIES
In this section, we construct our model and discuss resulting phenomenologies. First of
all, we impose an additional U(1)L gauge symmetry and discrete Z2 symmetry with three
1 Several neutrino mass models at two-loop level are found in [3–38].
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right-handed neutral fermions NRa(a = 1− 3) which are charged under the U(1)L and odd
under the Z2. In addition, we also introduce the two sets of Z2 odd families (L
′′
R, e
′′
L, N
′′
L) and
(L′L, e
′
R, N
′
R) with the same charges under the SM gauge groups, but with (2,−1) charges
under U(1)L symmetry respectively.
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Thus [U(1)L]
2 × U(1)Y , [U(1)L]3, and U(1)L gauge anomalies are separately cancel out
each in (LL, eR, NR) and (L
′′
R, e
′′
L, N
′′
L, L
′
L, e
′
R, N
′
R) sectors. On the other hand, [U(1)Y ]
2 ×
U(1)L and [SU(2)]
2 × U(1)L nontrivially cancel the anomaly out between (LL, eR, NR)
and (L′′R, e
′′
L, N
′′
L, L
′
L, e
′
R, N
′
R); each sector provides the values of
∑
Q2YQL(
∑
Tr[σaσbQL])
as 3/2(6) and −3/2(−6) respectively where QY (L) denotes hypercharge(lepton number) and
σa is the Pauli matrix. In the boson sector, we introduce an isospin singlet scalar field ϕ to
break the U(1)L symmetry spontaneously. For neutrino mass generation, we also add U(1)L
charged singlet scalar fields S1 and S2 which are respectively Z2 even and odd. Field contents
and their assignments for fermions and bosons are respectively summarized in Table I.
Under these symmetries, the renormalizable Lagrangian for lepton sector and Higgs po-
LLa eRa NRa L
′′
R e
′′
L N
′′
L L
′
L e
′
R N
′
R H ϕ S1 S2
SU(2)L 2 1 1 2 1 1 2 1 1 2 1 1 1
U(1)Y −12 −1 0 −12 −1 0 −12 −1 0 0 0 0 0
U(1)L 1 1 1 2 2 2 −1 −1 −1 0 2 1 1
Z2 + + − − − − − − − + + + −
TABLE I: Field contents of fermions and bosons and their charge assignments under SU(2)L ×
U(1)Y × U(1)L, where a(= 1− 3) is flavor indices.
2 In general, −ℓ′′+ ℓ′ = −3 provides the anomaly free theory, where ℓ′′ is the U(1)L charge of (L′′R, e′′L, N ′′L),
and ℓ′ is the one of (L′
L
, e′
R
, N ′
R
)
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tential are respectively given by
−L ⊃ M ′1aN¯ ′CR NRa + yℓaL¯LaeRaH + yNaN¯CRaNRaϕ∗
+ y′′e L¯
′′
RHe
′′
L + y
′′
ν L¯
′′
RH˜N
′′
L + y
′
eL¯
′
LHe
′
R + y
′
νL¯
′
LH˜N
′
R + yN ′N¯
′C
R N
′
Rϕ
+ (yL′′L)1bL¯
′′
RLLbS2 + (ye′′e)1be¯
′′
LeRbS2 + (yN ′′N)1aN¯
′′
LNRaS1 + c.c., (II.1)
V = µ2HH
†H + µ2ϕϕ
∗ϕ+ µ2S1S
∗
1S1 + µ
2
S2S
∗
2S2 + µ1[S
2
1ϕ
∗ + S∗21 ϕ] + µ2[S
2
2ϕ
∗ + S∗22 ϕ],
+ λH(H
†H)2 + λϕ(ϕ∗ϕ)2 + λS1(S
∗
1S1)
2 + λS2(S
∗
2S2)
2 + λHϕ(H
†H)(ϕ∗ϕ)
+ λHS1(H
†H)(S∗1S1) + λHS2(H
†H)(S∗2S2) + λϕS1(ϕ
∗ϕ)(S∗1S1) + λϕS2(ϕ
∗ϕ)(S∗2S2)
+ λS1S2(S
∗
1S1)(S
∗
2S2) + λ˜S1S2[(S
∗
1S
∗
1)(S2S2) + h.c.], (II.2)
where L′′R ≡ [N ′′R, e′′R]T , L′L ≡ [N ′L, e′L]T , H˜ ≡ (iσ2)H∗ with σ2 being the second Pauli matrix,
and (a, b) runs over 1 to 3.
A. Scalar sector and Z ′ boson
Scalar sector: The scalar fields are parameterized as
H =

 w+
v+h+iz√
2

 , ϕ = v′ + σ + iz′ϕ√
2
, S1,2 =
sR1,2 + isI1,2√
2
, (II.3)
where w+, z, and z′ϕ are absorbed by the SM and U(1)L gauge bosons W
+, Z, and Z ′.
Inserting tadpole conditions, the CP even mass matrix in basis of (σ, h) with nonzero VEVs
is diagonalized by
OM2RO
T ≡

 2v′2λϕ vv′λHϕ
vv′λHϕ 2v2λH

 =

 v′2λϕ + v2λH −D 0
0 v′2λϕ + v2λH +D

 ≡

 mH1 0
0 mH2

 ,
(II.4)
O ≡

 −cα sα
sα cα

 , sα = 2vv′λHϕ
m2H1 −m2H2
, (II.5)
where D ≡ √(v′2λϕ − v2λH)2 + (vv′λHϕ)2, and sα(cα) is the short hand notation of
sinα(cosα).
Z ′ boson: After spontaneous U(1)L gauge symmetry breaking, we have Z ′ boson that
couples not to quarks but leptons. The mass of Z ′ is given by mZ′ = 4g′v′ where g′ is the
4
U(1)L gauge coupling. Since our Z
′ universally couples to SM leptons the LEP experiment
provides the strongest constraints on the gauge coupling and Z ′ mass. Assuming mZ′ & 200
GeV, the LEP constraint is applied to the effective Lagrangian
Leff =
1
1 + δeℓ
g′2
m2Z′
(e¯γµe)(ℓ¯γµℓ) (II.6)
where ℓ = e, µ and τ . We then obtain following constraint from the analysis of data by
measurement at LEP [39]:
mZ′
g′
& 7.0 TeV. (II.7)
We will take into account this constraint in the analysis of DM relic density and collider
physics below.
B. Fermion masses
Charged-leptons: The SM charged lepton mass eigenvalues are given by [me, mµ, mτ ] ≡
[yℓ1v/
√
2, yℓ2v/
√
2, yℓ3v/
√
2] and extra singly charged leptons are given by me′′ ≡ y′′ev/
√
2
and me′ ≡ y′ev/
√
2 for our minimal filed contents. Notice here that the masses of SM
charged-leptons does not mix the others. We also note that diphoton decay branching ratio
of SM Higgs, BR(hSM → γγ), is modified by heavy charged lepton loop effects due to large
Yukawa coupling constants y′e and y
′′
e . Since the branching ratio is strongly constrained by
the Higgs measurements at LHC we need to suppress new physics contributions. One way is
to introduce charged singlet scalar S± which has sizable couplings to the SM Higgs, and the
charged scalar loop can cancel the contribution from heavy charged lepton loop. Another
way is to obtain heavy charged lepton masses via VEV of U(1)L charged scalar singlet
as discussed in ref. [1]. These resolutions do not affect our mechanism of neutrino mass
generation and other phenomenologies which will be analyzed below. We thus abbreviate
detailed analysis of the issue in this paper, and masses of e′ and e′′ are simply parametrized
as Me′ and Me′′ respectively.
Exotic neutral fermions: We have two mass matrices of neutral fermions in basis of
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FIG. 1: The two loop diagram to generate neutrino masses.
Ψ ≡ [N ′′R, N ′′CL ]T and Ψ′ ≡ [NRa , N ′R]T , and they are given by
MΨ ≡

 0 m′′D
m′′D δm

 , MΨ′ ≡

 (MN )3×3 (M ′T )3×1
(M ′)1×3 mN ′

 =


mN1 0 0 M
′
11
0 mN2 0 M
′
12
0 0 mN3 M
′
13
M ′11 M
′
12 M
′
13 mN ′

 , (II.8)
where m′′D ≡ y′′Dv/
√
2, MN ≡ YNav′/
√
2, mN ′ ≡ yN ′v′/
√
2, and δm is given at the one-loop
level as shown below. Then the mass eigenstates and their mixing are respectively defined
by Dψ = VMΨV
T and Dψ′ = UMΨ′U
T , and
 N ′′R
N ′′CL

 = V T

 ψ1R
ψC2L

 ,

 NR1∼3
N ′R

 = UT

 ψ′R1∼3
ψ′R4

 , (II.9)
where V and U are respectively two by two and four by four unitary mixing matrices. The
form of δm, which is given at the one-loop level, is found to be
δm = − 2
(4π)2
4∑
α=1
(YN ′′N)1αDψ′α(Y
T
N ′′N)α1F
α
I (r
′
R1
, r′I1), (II.10)
F αI (r1, r2) =
r1r2 ln
[
r2
r1
]
+ r1 ln [r1]− r2 ln [r2]
(r1 − 1)(r2 − 1) , (II.11)
where (YN ′′N)1α ≡
∑3
a=1(yN ′′N)1a(U
T )aα/
√
2 and r′R1(I1) ≡ [mSR1 (mSI1 )/Mψ′α]2.
Active neutrinos: The neutrino mass matrix is induced at the two-loop level in fig. 1,
which is given by
(mν)ab ≈ − 2
(4π)2
2∑
α=1
(Y Tν )aαDψα(Yν)αbF
α
I (rR2 , rI2), (II.12)
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where (Yν)αa ≡ (yL′′L)1a(V ∗)α1/
√
2 is the two by three matrix and rR2(I2) ≡
[mSR2 (mSI2 )/Mψα]
2. Since one diagonalizes neutrino mass matrix as Dν ≈ VMNSmνV TMNS,
we can rewrite Yukawa coupling in terms of neutrino oscillation data and some parameters
as:
(Yν)2×3 = (R−1/2O
√
DνV
∗
MNS)2×3, (II.13)
where Rα ≡ DψαF αI (rR2, rI2), and O is an arbitral two by three orthogonal matrix: OOT =
12×2. Notice here that one of the active neutrinos is massless, since the neutrino mass
matrix is rank 2. Satisfying the neutrino oscillation data is rather easy task due to O,
and all we should take care is the constraints of lepton flavor violations via yL′′L. The most
stringent constraint arises from the process of µ→ eγ. To evade this constraint, we will take
yL′′L . O(0.01), when the mediating mass scales inside the neutrino loop are O(100−1000)
GeV. In this case, we cannot explain the sizable muon g − 2, but we have another source
that arises from the term ye′′e. Thus we will concentrate on this term in the muon g − 2 as
well as LFVs below.
C. LFV and muon g − 2
Muon g − 2: The muon anomalous magnetic moment(∆aµ) has been observed and its
discrepancy is estimated by [41]
∆aµ = (26.1± 8.0)× 10−10. (II.14)
Our ∆aµ is induced by interaction with ye′′e coupling as explained above, and its form is
computed as
∆aµ ≈
2m2µ
(4π)2
|(ye′′e)12|2FII(mS,Me′′), (II.15)
FII(ma, mb) ≡
2m6a + 3m
4
am
2
b − 6m2am4b +m6b + 12m4am2b ln
[
mb
ma
]
12(m2a −m2b)4
, (II.16)
where mS ≡ mSR2 ≈ mSI2 .
Lepton flavor violations (LFVs): LFV processes of ℓ→ ℓ′γ are arisen from the same term
as the (g − 2)µ, and their forms are given by
BR(ℓa → ℓbγ) ≈ 48π
3Cabαem
(4π)4G2F
∣∣∣∣∣
3∑
i=1
(y†e′′e)b1(ye′′e)1aFlfv(mS,Me′′)
∣∣∣∣∣
2
, (II.17)
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FIG. 2: Each of the left-side figure and right-side one represents the allowed points in terms of
mS − (ye′′e)12 and mS −Me′′e.
where αem ≈ 1/137 is the fine-structure constant, GF ≈ 1.17 × 10−5 GeV−2 is the Fermi
constant, and C21 ≈ 1, C31 ≈ 0.1784, C32 ≈ 0.1736. Experimental upper bounds are given
by [42, 43]:
BR(µ→ eγ) . 4.2× 10−13, BR(τ → eγ) . 3.3× 10−8, BR(τ → µγ) . 4.4× 10−13,
where we define ℓ1 ≡ e, ℓ2 ≡ µ, and ℓ3 ≡ τ . Comparing to the forms between muon g−2 and
LFVs, one finds that putting the condition (ye′′e)11, (ye′′e)13 << (ye′′e)12 provides the sizable
muon g − 2 without conflict of the constraints of LFVs. Under the condition, we shows the
allowed region to satisfy the sizable muon g − 2 in fig. 2. Each of the left-side figure and
right-side one represents the allowed points in terms of mS − (ye′′e)12 and mS −Me′′ , where
perturbative limit is set to be ye′′e . 4π. It suggests that rather large Yukawa coupling is
required, while the mass ranges can widely be taken.
D. Dark matter
First of all, although we could have the lightest mass of inert bosonic(sRI) or fermionc(ψ
′
1)
DM candidate, the bosonic one requires rather small Yukawa coupling to satisfy the correct
relic density h2Ω ≈ 0.12 [45], which conflicts with the sizable muon g − 2 that demands
the order one Yukawa coupling [44]. Thus we will focus on the lightest fermion ψ′1 as the
DM candidate, defining ψ′1 ≡ X and Mψ′1 ≡ MX . Furthermore we suppose that vertices
H1(2)−X −X are tiny enough to avoid the lower bound of direct detection searches such as
LUX [46] and XENON1t [47]. It implies that Higgs portal contributions to the relic density
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of DM can be negligible as well as Yukawa contributions via yL′′L. Thus DM annihilation
processes are dominated by the gauge interaction with Z ′.
Relic density: Under the above set up, let us write down the valid Lagrangian in basis of
mass eigenstate to contribute to the relic density as
−L = g
′
2
[−1 + 2(U∗)14(UT )41] X¯γµγ5XZ ′µ − g′ℓ¯aγµℓaZ ′µ − g′ν¯aγµPLνaZ ′µ, (II.18)
where we have used the unitary condition; U †U = 1 in the first term in the right side of
above equation, g′ is U(1)L gauge coupling, and a = 1− 3. Then the squared amplitude for
the process XX¯ → ℓaℓ¯a(νaν¯a) via s-channel is given by
|M¯(XX¯ → leptons)|2 ≈ 12
∣∣∣∣∣g
′2 [−1 + 2(U∗)14(UT )41]
s−m2Z′ + imZ′ΓZ′
∣∣∣∣∣
2
G(MX , mZ′, {pi, ki}), (II.19)
G(MX , mZ′, {pi, ki}) ≡ (p1 · k1)(p2 · k2) + (p1 · k2)(p2 · k1) + (M2X − p1 · p2)(k1 · k2 − s)
− s
2
(p1 · p2)−
(
s2
8m2Z′
)
[(p1 · k1) + (p2 · k2) + (p1 · k2) + (p2 · k1)− s] ,
(II.20)
where p1,2(k1,2) denote initial(final) state momentum, ΓZ′ is the total decay width of Z
′, and
masses of leptons are supposed to be massless. The inner products of momentum such as
(p1 · p2) are given in Ref. [48]. The decay width of Z ′ is given by
ΓZ′ =
g′2mZ′
12π
∑
f
Nfc Cf(Q
f
L)
2
(
1 +
2m2f
m2Z′
)√
1− 4m
2
f
m2Z′
, (II.21)
where we assume Z ′ decays into only SM fermions f , Nfc is color factor, and Cf = 1/2 for
neutrino while Cf = 1 for the other fermions. The relic density of DM is then given by [49]
Ωh2 ≈ 1.07× 10
9√
g∗(xf )MP lJ(xf )[GeV]
, (II.22)
where g∗(xf ≈ 25) is the degrees of freedom for relativistic particles at temperature Tf =
MX/xf , MP l ≈ 1.22× 1019 GeV, and J(xf )(≡
∫∞
xf
dx 〈σvrel〉
x2
) is given by [50]
J(xf ) =
∫ ∞
xf
dx


∫∞
4M2
X
ds
√
s− 4M2XW (s)K1
( √
s
MX
x
)
16M5Xx[K2(x)]
2

 , (II.23)
W (s) ≈ 1
16π
∑
a
∫ π
0
sin θ|M¯(XX¯ → leptons)|2, (II.24)
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FIG. 3: The allowed points to satisfy the relic density of DM; 0.1 . Ωh2 . 0.15, in terms of mZ′
GeV and g′.
where we implicitly impose the kinematical constraint above. Then we numerically calculate
relic density to search for the parameter region which can fit the observed data. The input
parameters are randomly chosen in the ranges of
{mN1 , mN2, mN3 ,M ′11,M ′12,M ′13, mN ′} ∈ [0.1, 10] TeV,
mZ′ ∈ [MX , 3MX ], g′ ∈ [10−3, 1], (II.25)
where we also impose LEP constraint Eq. (II.7) and generate 5 million sampling points. We
show the allowed region in terms of mZ′ [GeV] and g
′ satisfying the correct relic density
in fig. 3 where we relax the allowed range of relic density of DM; 0.1 . Ωh2 . 0.15,
instead of the exact value. We also find that the mass of DM is at around the half of mZ′,
therefore we have a pole solutions. Thus one finds that MX . 700 GeV from this figure
that is kinematically consistent with the analysis of muon g− 2, since the relation 700 GeV
. (mS,Me′′) can be satisfied.
E. Colliders of Z ′ boson
In our model, it is difficult to produce the Z ′ boson directly at the LHC since it does not
couples to quarks. Then we discuss the signature of Z ′ at the International Linear Collider
(ILC) where Z ′ can be produced by e+e− → Z ′ process. As a signature of Z ′ we consider
e+e− → µ+µ− process including both SM and Z ′ contributions. Here the production cross
section for e+e− → µ+µ− is estimated using CalcHEP [51] implementing relevant gauge
interactions. The left plot of Fig. 4 shows the cross section for
√
s = 1 TeV as a function
10
s = 1 TeV
g ' = 0.05
SM
SM + Z '
400 500 600 700 800 900
0.10
0.12
0.14
0.16
0.18
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®
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+
Μ
-
L@
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FIG. 4: Left: The cross section of e+e− → µ+µ− as a function of mZ′ with
√
s = 1 TeV where SM
prediction is also shown. Right: The ratio of number of signal events and square root of number
of SM events as a function of mZ′ .
of mZ′ where we apply g
′ = 0.05 as a reference value. Note that the cross section becomes
larger when the Z ′ mass is close to 1 TeV due to the resonance effect. We also estimate the
significance of Z ′ signature by (NSM+Z′−NSM)/
√
NSM where NSM and NSM+Z′ are number
of events for only SM and SM with Z ′ contribution respectively. Thus sizable significance
is expected with integrated luminosity of 10 fb−1 and our Z ′ can be tested at the ILC.
III. CONCLUSION
We have studied a radiative neutrino mass model in which lepton number symmetry is
gauged adding Z2 odd exotic leptons to cancel the gauge anomalies. The active neutrino
masses are generated at two-loop level where the exotic leptons propagate inside a loop
diagram. In addition, the lightest Z2 odd neutral particle can be a good DM candidate.
We have formulated active neutrino mass matrix, partial decay width of LFV process
ℓ → ℓ′γ, muon g − 2 and relic density of DM. The muon g − 2 can be as large as the
observed value when we choose sizable Yukawa couplings and masses of exotic particles
which is less than TeV scale. Relic density of our DM candidate is dominantly determined
by the gauge interaction associated with Z ′ and observed value can be obtained. We have
also discussed collider physics of Z ′ which can be produced by e+e− collision realized at ILC.
Sizable significance of Z ′ signal is expected for the parameter region which can explain the
relic density of DM.
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